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1. INTRODUCTION
Abovethreshold phenomena are characteristic for
nonperturbative lasermatter interactions [1–5].
Abovethreshold ionization (ATI) of atoms was dis
covered experimentally 30 years ago [6]. Nikolai
Borisovich Delone, one of the founders of strongfield
multiphoton physics, has played an essential role in
clarifying the physics of ATI phenomena.
The fact that the processes of strongfield ioniza
tion and pair production share common properties has
been realized already in the early stages of their inves
tigation [7, 8]. In both cases, an electron driven by a
strong oscillatory electromagnetic field has to travel
through a classically forbidden region to reach the
continuum. In the ionization case, the forbidden
energy gap ∆ε = Ip is the ionization potential, while in
the case of pair production it is the gap ∆ε = 2mc2
between the negative and positive energy continua.
Here, m is the electron mass and c the speed of light.
Both processes necessarily possess a multiphoton
nature, when the photon energy of the driving laser
field is less than the forbidden energy gap, ∆ε > ω. As
the electron in the presence of the laser field should be
born in the continuum with an oscillatory energy Up
(ponderomotive energy), the abovethreshold process
becomes possible if the ponderomotive energy exceeds
the photon energy, Up/ω > 1. A more exact ATI
parameter, (Up/ω)(Ip/ω)1/3 ~ E2/ω10/3, has been
derived in [4] (see also [9]) by estimating the ratio of
the n + 1 to the nphoton ionization probability within
the WKB approximation; E denotes the laser peak
field strength. During the abovethreshold process the
electron absorbs more photons than required to over
come the gap ∆ε, which leads to a series of peaks in the
photoelectron kineticenergy spectrum, separated by
a photon energy. The borderline to the nonperturba
tive regimes is marked by the value of the Keldysh
parameter γ [10]. The latter can be represented as the
energy which the electron absorbs in the laser field
during its motion along the typical length l in units of
the photon energy: 1/γ = eEl/ω, where e is the elec
tron charge. In the ionization case, the typical length
is determined by the atomic size a, resulting in γ =
, and in the pair production case, by the
Compton wave length λC = /mc, leading to 1/γ =
eE/mcω ≡ ξ. While probabilities for multiphoton pro
cesses at γ  1 allow for a perturbation series expan
sion in powers of γ–1, the nonperturbative above
threshold processes emerge at γ ≈ 1. The Keldysh
parameter determines also the quasistatic regime of
the interaction. This becomes clear when it is
expressed via the tunneling time τ as γ = ωτ. Conse
quently, for smaller values of the Keldysh parameter,
γ  1, the laser electric field appears quasistatic and
the electron release occurs via tunneling through a
quasistatic barrier. This regime admits a simple ana
lytical description by the ADK model for ATI [11, 12]
and by an analogous tunneling model for pair produc
tion [7]. Nonperturbative abovethreshold processes
at γ ~ 1 represent an intermediate coupling regime,
whose theoretical description is not simple even within
the strongfield approximation (SFA) [10, 13]. A spe
cific feature of ATI can be highlighted in contrast with
the pair production: in rather strong laser fields the
photoelectron spectrum is not confined to energies of
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region which is due to laserdriven electron recolli
sions with the ionic core [14].
With the availability of superintense laser fields,
possessing intensities above 1018 W/cm2 in the near
optical frequency range, laseratom interaction has
entered the relativistic domain [15]. A free electron in
an external laser field is accelerated to velocities close
to the speed of light when the relativistic laser param
eter ξ approaches or exceeds unity. This corresponds
to ponderomotive energies Up =  on the order
of the electron rest energy. Accordingly, the relativistic
mass correction terms are proportional to ξ2. However,
the signature of the relativistic Lorentz force can
already be observed in the weakly relativistic regime
ξ < 1 [16]. In fact, the drift of the ionized electron in
the laser propagation direction due to the laser mag
netic field can be important if the drift distance d ~
(c/ω)ξ2/2 is comparable with the electron wave packet
size at the moment of recollision. The estimation of
this condition shows that the relativistic drift effect is
visible already at ξ ≈ 0.15 with infrared frequencies
(laser intensities of order of 1017 W/cm2) [17]. Spin
effects in the dynamics are generally smaller, being
proportional to ~ξω/mc2 (see estimation in [18]).
They can, however, induce splitting of radiation lines
[19] and spinflip effects [20].
The SFA has been generalized to the relativistic
domain [21] and employed for calculations of the rel
ativistic direct ionization rate of hydrogenlike atoms
in strong laser fields [22]. The ADK theory also has
been extended to the relativistic regime [23, 24]. Sim
ple analytical expressions for the angular and energy
distributions of direct photoelectrons in the relativistic
regime have been obtained in [25] by means of the adi
abatic Landau–Dykhne approximation. Relativisti
cally strong laser fields have recently been employed in
experimental studies on ionization of atoms [26] and
molecules [27].
A genuinely relativistic effect is the fieldinduced
generation of electronpositron pairs from vacuum,
which is familiar from highenergy photoabsorption in
the Coulomb field of nuclei [28] and heavyion colli
sion experiments [29]. The Bethe–Heitler process has
been observed with γphotons in targets with a high
nuclear charge [30, 31]. The only observation of laser
induced pair production until now was accomplished
at SLAC (Stanford, USA) in the multiphoton regime,
where an electron beam was brought into collision
with an intense optical laser pulse [32]. In this experi
ment, a γphoton produced via Compton scattering or
the electron Coulomb field assisted the laser beam in
the pair production. The similarity between ATI and
electronpositron pair production by a laser and a
Coulomb field can be traced in the intensity depen
dence of the process probabilities as well as in the elec
tron spectra. Especially one may emphasize the





laser polarization: in a linearly polarized laser field the
electron spectra are peaked at zero kinetic energy,
whereas in the circularpolarization case a maximum
appears when the kinetic energy equals the pondero
motive energy and the particles are most probably cre
ated with a large transversal (with respect to the laser
propagation direction) momentum p⊥ ~ mcξ and an
even larger longitudinal one pz ~ mcξ2. Interestingly,
these features in the energy and angular distribution of
the created electrons mainly reflect the classical
dynamics of an electron, initially born at rest, in an
external laser field.
In this contribution we survey various nonperturba
tive abovethreshold processes in the presence of rela
tivistically strong laser fields. Section 2 is devoted to
strongfield ionization of hydrogenlike atomic sys
tems. First we describe relativistic effects in ATI spec
tra (Section 2.1). Apart from their fundamental signif
icance, these effects are also interesting from a practi
cal point of view (Section 2.2). Section 3 deals with the
creation of electronpositron pairs in ultrastrong laser
fields. Considering pair creation in the combined
fields of a proton and a laser beam, we derive a scaling
relation for the total production probability in the
abovethreshold domain (Section 3.1). Besides,
abovethreshold pair production (ATPP) in the field of
two counterpropagating laser pulses is studied, with a
focus on effects arising from the laser magneticfield
component. We finish with a conclusion where we
draw a comparison between ATI and ATPP. Atomic
units (au) are applied in Section 2 unless indicated
otherwise.
2. ABOVETHRESHOLD AND OVERBARRIER 
IONIZATION OF ATOMS
2.1. Relativistic Effects in AboveThreshold Ionization
We discuss the main distinguishing features of pho
toelectron energy spectra and angular distribution in
the relativistic regime of ATI. The most conspicuous
relativistic feature in the distribution of direct photo
electrons is the change of angular distribution with
respect to that of the nonrelativistic case. This is
already indicated in the classical description of the
ionized electron in the laser field. The electron oscil
lates not only in the polarization direction x but also
drifts in the propagation direction z in the laser field,
with the corresponding momentum components and
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when the electron in the continuum has vanishing ini
tial velocity. Here, η0 denotes the initial phase of the
laser vector potential A(η). After the laser field is
switched off A(η)  0, the electron energy and
momenta are:
(2)
Therefore, the electron emission angle along the prop
agation direction, θ, depends on the value of the vector
potential at the ionization moment A(η0): θ =
arctan(eA(η0)/2mc2). The kinetic energy of the ion
ized electron is also determined by A(η0): εkin/Up =
2(A(η0)/A0)2, where A0 is the amplitude of the vector
potential. In Fig. 1, the results of a quantum mechan
ical calculation are shown for the energy and angle
resolved spectrum of directly ionized electrons. The
calculation employs the relativistic SFA based on the
Klein–Gordon equation, which is compared with the
nonrelativistic result from the Schrödinger equation
within the dipole approximation. We consider a highly
relativistic regime with an infrared laser intensity of
I = 1.4 × 1019 W/cm2 (ω = 0.05 au, ξ ≈ 3).
One can see that in the nonrelativistic description
the distribution is symmetric with respect to the emis
sion angle. The emission occurs mainly in the polar
ization direction and the emission for small energies is
favored. In the relativistic case the distribution is
shifted in the laser propagation direction and becomes
asymmetric. Moreover, the kinetic energy dependence
on the emission angle becomes parabolic, which also
follows from the simple classical dynamics at high
intensities in Eq. (2): θ ~ A(η0) and εkin ~ A(η0)2. How
ever, the width of the energy and angular distribution
remains almost the same as in the nonrelativistic case
because the momentum spreading due to the field
remains nonrelativistic: δp =   mc [25].
The dependence of the angular distribution of directly
ionized electrons on the laser intensity offers a possibil
ity to measure the laser intensity in the relativistic
regime (see [33] and Section 2.2).
The lowenergy spectrum of direct electrons inte
grated over all emission directions has no distin
guished relativistic features and the dipole approxima
tion results mainly coincide with the relativistic SFA
calculations [34]. This is because the portion of the
wave packet that tunnels out of the barrier in the con
sidered relativistic regime is well described by the non
relativistic approximation, since relativistic correc
tions to the bound state dynamics of the electron
become important at I > 1020 W/cm2. Only the action
of the laser field after the ionization step yields differ





















relativistic treatments, leaving the total rate of the
direct ionization unchanged.
In contrast with the lowenergy part, relativistic
features arise in the plateau part of the spectrum where
the recollision is responsible. In the relativistic case,
the plateau is bended, has no interfering structure and
is suppressed by magnitude, which all are due to the
relativistic drift of the electron in the laser propagation
direction [34]. The most interesting relativistic signa
tures for the rescattered electrons are seen in the angu
lar distribution. Again the classical description indi
cates how the angular distribution of the rescattered
electrons will be modified. Thus, the classical relativ
istic equations of motion yield the election energy and
momenta after the interaction for the electron rescat
tered at the moment η0:
,
, (3)
px px0 eA η0( )/c+=
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Fig. 1. Spectrum of a directly ionized electron, depending
on the final energy in units of Up and the emission angle θ
(at φ = 0), via log10(dwp/dΩ): (a) Schrödinger equation
within the dipole approximation; (b) Klein–Gordon
equation. The parameters of the driving laser field as well
as of the atom are: intensity I = 1.4 × 1019 W/cm2, angular
frequency ω = 0.05 au (corresponding to Up = 4 × 10
4 au ≈
2.1mc2) and ionization potential Ip = 32 au (O
7+).
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,
where ε0, p0 are the energy and momentum of the elec
tron immediately after the rescattering, and Λ = ε0/c –
pz0 is the integral of motion. The scattering angle at a
given final electron energy ε = Up will be maximal
when the recolliding electron has the maximal energy,
i.e., A(η0) = –a0mc2. Then,
(4)
and the maximal rescattering angle with respect to the
polarization direction is determined from the follow
ing equation
(5)
In the nonrelativistic case, a0  1, there are two sym
metric solutions of Eq. (5), θ = ±θd, corresponding to
two possible symmetric values for pz. In the relativistic
case, θ = ±θd + δ, i.e., the maximal electron emission
ε c


























angle of the rescattered electron is tilted towards the
laser propagation direction. In the weakly relativistic
regime, δ ≈ ( – 3)a0/4.
The change in the angular distribution of the res
cattered electrons due to relativistic effects is observ
able only in the weakly relativistic regime because oth
erwise the rescattering probability is negligible.
Figure 2 displays the photoelectron angular distribu
tion with a final electron energy of 9Up in the case of
2.6 × 1017 W/cm2 laser intensity, which is calculated
using SFA based on the Klein–Gordon equation. The
angular distribution is in general tilted towards the
laser propagation direction. The new feature is that the
sidelobes in backward direction, which arise due to
the ionization rate increase near the cutoff energy,
vanish (cf. Fig. 2b in comparison with Fig. 2a).
2.2. Relativistic Ionization
beyond the AboveThreshold Regime
When the laser intensity is high enough such that
γ  1 the ionization takes place via tunneling which
can be correctly described only quantum mechani
cally. At even higher intensities, the laser field strength
can exceed the nuclear Coulomb field experienced by
the atomic electrons. Then the potential barrier is
completely suppressed and the electron may leave the
bound state without the necessity of quantum tunnel
ing. Overbarrier ionization (OBI) can therefore be
described by classical means to a large extent as far as
the probability of the quantum overbarrier reflection
is negligible. The latter can be valid for intensities
larger than the threshold intensity of OBI.
With nextgeneration laser sources, extremely rela
tivistic intensities on the order of I ~ 1023–1026 W/cm2
are envisaged [35], reaching substantially beyond the
maximum intensity of I ≈ 1022 W/cm2 available at
present [36]. They hold prospects to test the validity of
QED through vacuum polarization [37], to study
nuclear interactions [38] or to generate highly ener
getic particle beams which can be applied in medical
situations such as treating cancer, for instance [39]. It
is interesting to realize that measuring these ultra
strong relativistic intensities is not straightforward, as
they exceed the damagethreshold of the detectors
involved so that the standard method of simply record
ing the laser power and beam spot size becomes unfea
sible. Relativistic OBI offers a solution to this practical
problem [33]. Light atoms are not very useful, though,
because they are fully ionized at such ultrahigh inten
sities: the binding potential is quickly suppressed all
the way to the 1s groundstate energy level. Rather
hydrogenlike highly charged ions with nuclear charge
number as high as Z ~ 40–50 are able to sustain these
laser powers, at least for a while. Since their ionization
rate strongly depends on the applied field, its measure
ment can be exploited to determine the unknown
intensity. Ions can nowadays be generated in arbitrary
5 × 10−20
−5 × 10−20
2 × 10−200−2 × 10−20
1 × 10−33
−1 × 10−33




Fig. 2. Polar plots of the angular distribution for a final
electron energy of 9Up, with a laser intensity of 2.6 ×
1017 W/cm2, an angular frequency of ω = 0.05 au (equals
Up = 750 au) and an ionization potential of Ip = 9.53 au
(B3+): (gray) Schrödinger equation within the dipole
approximation, (blue, the darkest) Schrödinger equation
with magnetic field corrections and the relativistic mass
shift, (red) Klein–Gordon equation. θ = 0 corresponds to
the direction of the laser polarization.
(a)
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charge states with high purity and span a wide range of
atomic field strengths [40], which renders them appli
cable to probe a correspondingly wide range of laser
intensities.
OBI is the most suitable regime for this application,
as the slope of the ionization rate as a function of the
laser intensity is steepest there. This is illustrated in
Fig. 3 where the laser intensity dependence of the ion
ization probability is shown for highly charged ions of
various charge numbers. The curves were obtained by
a classical Monte Carlo simulation, solving the classi
cal relativistic equations of motion for an ensemble of
electrons in the combined field of a Coulomb potential
and a short laser pulse. The initial electron positions ri
and momenta pi were distributed microcanonically.
After the laser pulse has been switched off, an electron
is counted as ionized when its final energy εf = (γf –
1)mc2 – Ze2/|rf | is positive, where γf = 
is the electron Lorentz factor. For an approximated
laser intensity range, an ion should be selected with
maximal ascent at such intensities. Figure 3 indicates
that laser intensities of around 1023 W/cm2 may be sen
sitively measured by ions of Z ≈ 30, whereas for near
future intensities in the range of 1024–1025 W/cm2 ions
with charge Z ≈ 40–60 are most suitable.
Apart from the total ionization yield, also the elec
tron emission angle is a sensitive measure of the ioniz
ing laser field strength [33] due to the relativistic
effects outlined in Section 2.1.
3. ABOVETHRESHOLD PAIR PRODUCTION
In very strong laser fields electronpositron (e+e–)
pairs can be produced. This has been demonstrated
experimentally at SLAC where positrons were
detected after the collision of an ultrarelativistic elec
tron beam with an intense optical laser pulse [32]. As
mentioned in the introduction, strongfield pair pro
duction shares common features with atomic ioniza
tion. In the multiphoton domain with ξ  1, the pro
duction probability follows a perturbative power law,
W ~ , where n0 denotes the minimal number of
laser photons required from energy conservation in the
process. In the tunneling regime with ξ  1, the prob
ability shows an exponential scaling, W ~
exp(⎯πEc/E), where Ec = m2c3/e denotes the QED
critical field [41]. The SLAC experiment observed pair
production in the multiphoton regime through the
nonlinear BreitWheeler reaction ωγ + nω  e+e–
where a highenergy γphoton combines its energy
with n laser photons to produce the pair [42]. The γ
photon was generated by Compton backscattering of a
laser photon off the ultrarelativistic electron beam. In
the following we consider two different processes of










3.1. Pair Production in Combined Laser 
and Nuclear Coulomb Fields
Another mechanism than in the SLAC experiment
is responsible for pair creation when a heavy projectile
like a nucleus collides with a laser field. Here the par
ticles are generated via a virtual photon from the
nuclear Coulomb field (nonlinear Bethe–Heitler pro
cess [28]). Because of the large projectile mass the
twostep Breit–Wheeler process via Compton scatter
ing is suppressed. Starting with the early work of Yak
ovlev [43], several theoreticians have studied nonlin
ear Bethe−Heitler pair creation, with a focus on the
tunneling and multiphoton regimes of interaction (see
[44–50] and references therein). Relatively little work
has been done on the intermediate abovethreshold
regime where ξ ~ 1 [45, 46]. It could be realized in the
headon collision of (a) a relativistic nucleus (Lorentz
factor γp ~ 102) with a tightly focused Xray laser beam
(ω0 ~ 1 keV, I ~ 1024 W/cm2 [51, 52]) or (b) an ultra
relativistic proton (γp ~ 104 [53]) with an intense opti
cal laser pulse (ω0 ~ 1 eV, I ~ 1018 W/cm2). Within the
framework of the relativistic SFA [42, 43], we have
numerically calculated the total rate for nonlinear
Bethe−Heitler pair production in the abovethreshold
domain. Proton impact on a monochromatic laser
wave of circular polarization with ξ = 1 was assumed.
Over the spins and momenta of the outgoing particles
has been summed and integrated, respectively. Our
results are shown in Fig. 4. The minimal number of
photons to produce a pair is given by
(6)
where m∗ =  =  is the laserdressed











































Fig. 3. Ionization fraction for different hydrogenlike ions
with nuclear charge Z as a function of the maximal laser
intensity for a singlecycle sinusoidal squareshaped laser
pulse with a photon energy of ω = 1.6 eV.
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projectile frame. For the collision scenarios outlined
above, the latter is of the order of ω ~ 100 keV. While
in the multiphoton and tunneling regimes, closed
form expressions for the total pair creation rate can be
derived by analytical means (see, e.g., [47]), for ATPP
corresponding formulas are not known. We have there
fore fitted an analytical curve to our numerical data.
This way we obtain the approximate scaling relation
(7)
for the total ATPP rate in the frequency range 30 keV ≤
ω ≤ 300 keV. The relative error of the numerical con
stant in the exponent amounts to 1%. The exponential
behavior in Eq. (7) closely resembles the pair produc
tion rate in the tunneling regime which scales as
~exp( ) in combined laser and nuclear fields
[47]; note that Ec/E = mc2/ωξ. ATPP at low laser fre
quencies ω  mc2 in the projectile frame is therefore
heavily suppressed. At high frequencies the rate scal
ing is modified to Rtot ~ exp(–5.57mc2/ω), with a 3%
error in the numerical constant (see the inset in
Fig. 4). We have also analyzed the region of photon
numbers which are mainly contributing to ATPP.
Within the same frequency range as shown in Fig. 4,
the mean photon number is proportional to the mini
mal photon number and given by
(8)
The proportionality between  and n0 is in accordance
with the results in [43]. Similar to ATI, the typical











For example, for ω = 30 keV, we obtain n0 = 49
and  = 94 (see Fig. 5). The width of the photon num
ber distribution decreases when the laser frequency
increases according to the fit function
(9)
with a relative error of 1.5% in the exponent and 1% in
the numerical prefactor. The photon number distribu
tion resembles the energy spectrum of the created par
ticles since nω =  + , with the quasienergies
 of the e±. An analysis by analytical means shows
that the most probable polar emission angle of the par
ticles amounts to
(10)
in the nuclear rest frame.
Let us compare the peak of the electron spectrum
determined numerically by Eq. (8) for ξ = 1 and the
most probable angle of the electron emission in
Eq. (10) with the corresponding quantities for ATI.
The latter is well reproduced by the classical mechan
ical estimation derived from the electron dynamics in
the laser field. Therefore, we return to Eq. (1) and cal
culate the electron quasienergy (q0) and quasi
momentum (q) as a cycle average of the electron
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Fig. 4. Total rate for ATPP at ξ = 1 in the proton frame, as
a function of the laser frequency. The dots show numerical
data from an SFA calculation, the solid line is the analyti
cal fit function of Eq. (7). The inset shows an enlargement











Number of absorbed photons n
Partial rate Rn, 1/s
Fig. 5. Partial rates for ATPP as a function of the absorbed
photon number. The Dopplershifted photon energy is
ω = 30 keV in the rest frame of the projectile proton
which impacts the laser beam.
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where the overbar indicates the cycle averaging. In a
circularly polarized laser field, the electron will be
mainly produced with the following quasienergy and
momentum
(12)
This implies |q| = m∗cξ and the condition of Eq. (10)
is recovered: tanθ = q⊥/qz = 1/ξ. The classical estimate
for the most probable photon number is  = 2q0/ω =
2mc2(1 + ξ2)/ω =  =  in the case of
ξ = 1, which does not differ significantly from that of
the numerical calculation in Eq. (8). The difference is
caused by the fact that in Eq. (8) the electron momen
tum has been integrated over, whereas the classical
estimate refers to a certain momentum value. We may
conclude that, surprisingly, the maximum of the elec
tron spectrum and of the emission angle for pair pro
duction in laser and Coulomb fields is well reproduced
by our classical mechanical estimations and is similar
to that for ATI.
With respect to the linear Bethe–Heitler effect by a
single highenergy photon, we point out that the influ
ence of a strong lowfrequency background laser field
(ξ ≈ 10) on this process has recently been studied [54].
Moreover, nonlinear Bethe–Heitler creation of muon
pairs has been considered in the multiphoton regime
[55].
3.2. Pair Production
in Counterpropagating Laser Pulses
In this section, pair production from vacuum in the
field of two counterpropagating laser beams is investi
gated. In the laserion collisions of the previous sec
tion, the Doppler boost of the laser parameters due to
a highly relativistic Lorentz factor can be exploited. In
“laserlaser collisions” this is not possible so that high
laser frequencies and/or field strengths are required to
exist in the laboratory frame. During recent years there
has been an enormous progress in laser technology
and further advances are envisaged [35, 36], so that an
experimental observation of pair creation in pure laser
fields is indeed coming into reach [51, 56]. Note that a
single planewave laser field cannot extract pairs from
the vacuum due to energy and momentum conserva
tion. We have studied pair creation in two counter
propagating, linearpolarized laser pulses of equal fre
quency and intensity, focusing on the nonperturbative
regime with ξ = 1 (for both laser beams taken
together). The formation length scale for tunneling
pair creation is l ~ 2mc2/eE = λCEc/E. For small laser
frequencies, ω  (mc2/)(Ec/E) (or ξ  1), one can
usually neglect the spatial dependence of the applied
field, arriving this way at a solely timedependent,
oscillating electric field. By applying this dipole
approximation, we first derive some essential features
of pair production in counterpropagating laser pulses,









and afterwards describe modifications which arise at
high laser frequencies when taking into account the
spatial field dependence and the impact of the laser’s
magneticfield component.
We study the process numerically, employing an
advanced computer code which solves the Dirac equa
tion in an arbitrary external potential on a two dimen
sional spatial grid by propagating an initial state via the
splitoperator algorithm [57]. In our case the initial
state is given by a negativeenergy Gaussian wave
packet, representing an electron in the Dirac sea.
Under the influence of the applied field the wave
packet can undergo transitions to the positiveenergy
continuum. By projecting the final state onto all posi
tiveenergy states after the field has been switched off,
the pair creation amplitude is obtained.
In the case of a spaceindependent oscillating elec
tric field, momentum conservation reduces the prob
lem to a twolevel system consisting of a negative and
a positive energy state coupled by the external field.
Multiphoton resonances occur at certain frequencies,
enforced by energy conservation
(13)
Here, n denotes the number of absorbed photons
needed to overcome the energy gap and q0(p) =
, is the quasienergy of the
laser dressed state, with the vector potential A(t), the
pulse duration T, and the canonical momentum p. For
p = 0 and ξ = 1, the value of the quasienergy is q0(0) ≈
1.21mc2, independent of the field frequency. When the
pulse length is varied at a resonance frequency, the
transition amplitude undergoes Rabi oscillations [58],
like in a quantum optical twolevel system. An exam
ple is shown in Fig. 6 by the red solid curve, corre
sponding to an n = 3 photon resonance at frequency
ω3 = 0.833mc2/. For this example the chosen fre
quency is rather large, in order to reveal below the
influence of the laser magnetic field component. We
note moreover that, in the quasiclassical limit, the
probability for ATPP in an oscillating electric field
with ξ = 1 exhibits an exponential behavior
(14)
with α ≈ 3, in close similarity with Eq. (7).
While pair creation in an oscillating electric field
can also be treated by analytical means [59], our
numerical apparatus gives us the possibility to take also
the spatial dependence of the fields into account [60],
which analytically is a very difficult problem [61].
Meanwhile, according to Eq. (14), significant ATPP
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ξ  1, and the effects from the laser magnetic field are
expected to be pronounced.
Inclusion of the magnetic field strongly modifies
the Rabi oscillation pattern, as shown in Fig. 6 by the
black triangles. While the 3photon resonance fre
quency is only slightly shifted to ω = 0.855mc2/, the
Rabi flopping is significantly changed from the typical
sin2 behavior to an oscillation around a plateau value
and the Rabi frequency ΩR is decreased approximately
by a factor of 3.5. As before, we assume in our calcula
tions a vanishing initial momentum, p = 0, which
however is not conserved any longer. Because of the
magnetic field, the photons carry momentum in prop
agation direction (chosen as z axis). Therefore the
energymomentum conservation is given by
(15)
where q and q' denote the quasienergymomentum
fourvectors before and after the interaction. The inte
gers n+ and n– denote the number of photons absorbed
from the right and left traveling laser pulse, respec
tively. According to Eq. (15), the resonance condition
in Eq. (13) is modified into
(16)
The value of the laserdressed mass m∗ (satisfying q
2 =
) was numerically determined as m∗ = 1.11m; no
analytical expression for the quasienergy in this field
q0' n+ n–+( )ω q0,–=
















configuration is known. For a certain multiphoton
order there are now multiple resonance frequencies,
e.g., for an n = n+ + n– = 5 photon transition there are
two different resonance frequencies ω3.2 and ω4.1. The
number of resonance lines is enhanced correspond
ingly. For the n = 3 photon resonance Eq. (16) predicts
a unique frequency ω2.1, which however is not con
firmed by the numerical results. Instead, for n+ ≠ n–
the resonant peaks are always split into doublets, lead
ing to a further enhancement of the number of reso
nance lines. This effect is not covered by Eq. (16)
which rather predicts the center of the split lines. The
emergence of the splitting is shown for the case of the
n = 3 photon transition in Fig. 7 for increasing values
of ξ. The keypoint to understand the splitting is again
the photon momentum due to which the former two
level scheme is broken into a Vtype threelevel
scheme: the initial negativeenergy level and two pos
itiveenergy levels, having the same energy but oppo
site momentum. The upper two levels are coupled via
Compton scattering, leading to a splitting of these lev
els and thus to a splitting ∆ω of the resonant transition
frequency, which depends quadratically on ξ. The
splitting is analogous to the Autler−Townes effect.
Upcoming Xray laser sources [51, 52] offer pros
pects to enter the parameter regime of interest for
ATPP in counterpropagating laser pulses. The antici
pated bandwidth of Xray freeelectron lasers [62]
would be sufficient to resolve the influence of the mag
netic field component onto the resonance spectrum,
due to a change of the relative resonance line separa
tion: While, like in Eq. (13), a relative separation of
~1/n remains between resonance lines of different n =
n+ + n– values, the relative distance between the newly
occurred resonance lines belonging to the same n







Pulse length in laser cycles
Production probability
Fig. 6. Abovethreshold pair production probability in
counterpropagating laser beams, as a function of the pulse
length (ξ = 1). The solid line shows the Rabi oscillation for
the case of an oscillating electric field of frequency ω =
0.833mc2/, corresponding to an n = 3 photon resonance
(p = 0). The black triangles show the disturbed Rabi oscil
lation due to the magnetic component of the laser field.
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Fig. 7. Splitting of the n = 3 photon resonance peak for var
ious values of ξ. Note that the position of the main reso
nance increases, in accordance with the ξ dependent
enhancement of m∗. A quadratic curve fit yields ∆ω =
(0.043ξ2 + 0.002)mc2/.
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4. CONCLUSIONS
In conclusion, we compare the relativistic strong
field ionization and pair production processes in the
nonperturbative abovethreshold regime which have
been considered above. All these processes have in
common that they occur in an intermediate regime of
interaction, located between the perturbative mul
tiphoton and the quasistatic tunneling domains. As a
consequence, both the photon and the field nature of
the external laser wave are of similar importance here.
On the one hand, total ATI [12] and ATPP rates
resemble the exponential behavior known from the
tunneling regime where the field aspect dominates. On
the other hand, photoelectron peaks in ATI spectra are
separated by a photon energy, and electron peaks in
ATPP spectra in counterpropagating laser pulses are
separated by a photon momentum [60]. ATPP in laser
and Coulomb fields does not exhibit this feature since
the nucleus can absorb recoil momentum. A typical
feature of all abovethreshold phenomena is that more
photons from the external laser field are absorbed than
the minimal number required to surmount the respec
tive energy gap. The energy and angle resolved spectra
for ATPP in laser and Coulomb fields are very similar
to those of ATI.
A major difference between ATI and ATPP in com
bined laser and Coulomb fields is the role played by
recollisions. In the case of ATI, recollisions represent
an important correlation effect which contributes to
the plateau in the photoelectron spectrum. The Cou
lomb parameter Z/v, with the ionized electron veloc
ity v, is relatively large in nonrelativistic or weakly rel
ativistic ATI [8]. Recollisions have recently also been
discussed in the context of strongfield pair produc
tion [49]: After their creation in a relativistic laserion
collision, the electron and positron are driven by the
laser field into a recollision which can induce second
ary processes such as e+e–  e+e– (electronpositron
scattering), e+e–  2γ (electronpositron annihila
tion) or e+e–  µ+µ– (muon pair creation; see also
[63]). The Coulomb field responsible for the pair pro
duction is not involved in these subsequent processes,
though, in contrast to the recollision phenomena in
atomic physics. The reason is, that the Coulomb
parameter in the case of pair production, Z/c, is usu
ally small, suppressing the importance of electronion
correlation effects.
Relativistic abovethreshold phenomena are inter
esting both for nonperturbative quantum theory and
intense femtosecond laser experiments. In particular,
relativistic strongfield ionization of highly charged
ions could be applied as a sensitive probe of superhigh
intensities in excess of 1023 W/cm2 at upcoming laser
facilities. Even higher laser intensities close to the
Schwinger limit might be measurable via pair creation
processes.
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